Abstract: Topical remedies capable of protecting skin from damage and supporting its regeneration can improve skin's health as well as its appearance. Small copper peptides have an excellent safety record and are widely used in cosmetic products. The most studied copper peptide is GHK-Cu (glycyl-L-histidyl-L-lysine), a small copper-binding peptide, naturally present in human plasma. Since its discovery in 1973, in vivo and in vitro studies have shown that GHK-Cu possesses a wealth of health-positive actions including improving wound contraction and epithelization, and increasing the production of growth factors and activity of antioxidant enzymes. Recently, gene expression profiling shed new light on diverse biological actions of GHK-Cu. The present paper discusses evidence of GHK-Cu and other small copper peptides possessing potent anti-cancer properties.
GHK has a high affinity for the copper 2+ ion and can easily obtain copper 2+ from its transport site on human plasma albumin. There are experiments that use copper-free GHK with successful results but all of our studies indicated copper 2+ is necessary for most GHK effects. The copper chelator bathocuproine abolishes GHK actions. If a test system has ample Cu 2+ available, the GHK will easily obtain the necessary copper 2+ [8] .
It has been suggested by Peled et al. that copper-free GHK promotes the survival of stem cells and possibly the de-differentiation of cells, while GHK with copper 2+ promotes cell differentiation [9] .
The understanding of GHK actions has been greatly aided by the use of gene expression data. In 2010, the Broad Institute of Boston measured the effects of GHK on 13,424 of the estimated 22,277 known human genes at that time. This provided us with expression of 4192 genes with plus or minus 50% changes from the 13,424 genes. This led to consecutive studies, which confirmed that GHK-Cu is able to up-and down-regulate a significant number of human genes, essentially resetting the human genome back to health (see Table 1 ). 2 4 In 2012, GHK was found to reverse damage and stimulate regeneration in COPD (chronic obstructive lung disease) lung tissue by reversing gene expression associated with emphysema-related lung destruction [10] .
According to the Broad Institute data, GHK stimulates or suppresses 31.2% of human genes with a change of 50% or more (stimulating 59% of the genes and suppressing 41%) [11] .
GHK-Cu modulates expression of numerous genes associated with regulation of important biochemical pathways important for skin repair and regeneration [12] .
These gene studies shed new light on previous laboratory data, bringing better understanding of multiple protective and regenerative actions of GHK-Cu which have puzzled scientists for over four decades.
In addition, a study that used fetal lung fibroblasts also found GHK to have extensive actions of gene expression relevant to tissue repair and induced dose-response gene expression on 329 genes associated with extracellular matrix composition [13] .
The fact that GHK has gene-modulating effects is important, because as science has now demonstrated, age-related changes in gene expression are not permanent and can be reversed. Recent studies have demonstrated that physical exercise for 30 min a day, three times a week can revert gene expression in mitochondrial human DNA in older humans to a gene expression that is more like that of a younger person. Other studies showed positive effects of diet, moderate wine consumption, and meditation [14, 15] .
The present paper discusses skin regenerative and anti-cancer actions of GHK-Cu in the light of new gene profiling studies.
Regenerative and Anti-Cancer Actions of Copper Peptides
The idea that certain tissue-regenerative molecules could also possess anti-cancer actions is new and unexpected. Previously, tissue regenerative proteins such as PDGF (platelet-derived growth factor) and TGF (Transforming Growth Factor) were promising candidates for the treatment of bedsores and diabetic ulcers. However, both compounds were later found to stimulate, and perhaps help induce, cancers [16] [17] [18] [19] [20] .
We will present our research on the anti-cancer actions of copper peptides in a generally chronological order as the ideas developed.
In 1983, Linus Pauling and his group theorized that a copper-binding peptide (Gly-Gly-His) with copper 2+ would oxidize ascorbic acid and kill cancer cells. This approach did work in cell culture. When used in mice, the system strongly inhibited the growth of Ehrlich ascites tumor cells. However, the copper peptide did not significantly oxidize the ascorbic acid in the mice. The Pauling group concluded that the anti-cancer activities were due to the copper peptide and not to an interaction with ascorbic acid [21] .
In 2010, a study from the Singapore General hospital, using Connectivity Map (CMap) from the Broad Institute in Boston to obtain gene expression data, searched for molecular treatments for aggressive metastatic colon cancer. Two wound-healing compounds, GHK at 1 micromolar and securinine at 18 micromolar, were the computer-recommended treatment molecules chosen from 1309 bioactive compounds for the cancer treatment. The Broad data indicated that the two healing compounds were suppressing such node molecules associated with metastasis such as YWHAB, MAP3K5, LMNA, APP, GNAQ, F3, NFACTC2, and TGM2. Both GHK and securinine promote wound healing, extracellular remodeling, and macrophage activation [22] .
In 2012, Matalka et al. provided additional links between GHK and cancer. Healthy mammalian cells have a system to terminate the cell if DNA is made incorrectly (programmed cell death or apoptosis). However, cancer cells evade this system by shutting it down. Matalka et al. reported that GHK or GHK-PEG (GHK-Polyethylene glycol) both reactivated apoptosis at 1 to 10 nanomolar and inhibited cell growth of human SH-SY5Y neuroblastoma cells and human U937 histiocytic lymphoma cells. In contrast, both GHK and GHK-PEG increased the replication of NIH3T3 fibroblast cells [23] .
In 2014, using the Broad Institute CMap, Pickart et al. found gene expression changes induced by GHK. This included 84 cancer or growth inhibitory genes. Tables 2-4 show GHK's effect on genes associated with apoptosis, cancer suppression, and cancer progression. The names of the proteins and their functions are obtained from the NCBI GENE database. Pickart et al. also tested Pauling's method but used GHK copper 2+ and ascorbic acid instead of the Gly-Gly-His in the treatment. Mouse sarcoma 180 was used, and the treatment produced a remarkable suppression of the tumor growth [24] . Table 2 . GHK and Gene Expression of Programmed Cell Death (Apoptosis) Genes.
Gene Percent Change in Gene Expression Comment

CASP 1 432
Caspase 1 induces apoptosis in human keratinocytes after UV-radiation. Plays a protective role against UV-induced skin cancer [25] . 
STAT5
−982
A member of the STAT family of transcriptional factors. Increases resistance of melanoma cells to interferon treatment [28] .
FGFR2
−904
Fibroblasts growth factor receptor family. FGFR2 inhibitors reduce growth of melanomas.
FAIM2 −749
Fas apoptotic inhibitory molecule 2. Prevents apoptosis. Mutations in FAS system are common in many non-melanoma skin cancers [29] .
GHK May Support DNA Repair
Since skin is exposed to a multitude of detrimental environmental factors, including UV-radiation, its cells are at risk of DNA damage. Mammalian cells have DNA repair mechanisms, which guard skin against cancer development [30] . Compounds that help repair DNA damage such as DNA repair enzymes have been proposed to help prevent skin cancer [31] . The downside of such approach is the relative large size of enzyme molecules, which, when used in in cosmetic formulations, would make it difficult to deliver to their targets.
Pollard et al. demonstrated GHK's ability to reverse detrimental changes in irradiated cultured human fibroblasts exposed to radioactive treatment (5000 rad). Irradiated control fibroblasts showed impaired profile of growth factor and collagen synthesis. However, when treated with GHK-Cu at (1 × 10 −9 mol/L), cells that received the same radiation treatment had a growth pattern and secretion of growth factors similar to the normal (non-irradiated) control cells. In addition, GHK-treated irradiated fibroblasts increased their secretion of essential growth factors such basic fibroblast growth factor and vascular endothelial growth factor [32] .
In our work with the Broad Institute CMap, we found that GHK stimulates gene expression for DNA Repair genes (47 UP, 5 DOWN). This suggests a positive effect on DNA repair systems. Since one of the effects of radiation is DNA damage, stimulation of DNA repair genes may explain the observed positive effects on irradiated fibroblasts. We can hypothesize that some of the mechanisms behind beneficial effects on aging skin's condition, described above, can be also explained through increased DNA repair genes. See Table 5 . 
Anti-Inflammatory Actions of GHK-Cu
Inflammation is now considered a key factor in tumor progression and chronic inflammation from incomplete wound healing has been shown to be causative in many cancers [33] . Wound-repair studies in animals as well as in vitro studies confirms strong anti-inflammatory effects of GHK-Cu. GHK was shown to reduce inflammatory response in bleomycin-induced lung injury in mice. GHK reduced inflammatory cells infiltration and TNF-α and IL-6 expression in bronchoalveolar lavage fluid (BALF) and MPO in lung extracts [34] . In dermal fibroblasts, GHK and its copper complexes decreased IGF-2-dependent TGF-β1 secretion as well as decreased TNF-alpha dependent secretion of IL-6, thus reducing inflammation [35, 36] .
Anti-Oxidant Actions of GHK-Cu
Among factors that can accelerate skin aging and cause skin cancer are reactive oxygen species, and other types of free radicals, which can trigger oxidative processes and lead to DNA damage. Since skin is exposed to UV-radiation and other environmental factors that can trigger production of free radicals, it is essential that it has good antioxidant defense. Multiple studies established GHK-Cu's ability to protect cells from oxidative damage and improve antioxidant defense.
Parks et al. demonstrated GHK-Cu's effects on acute lung injury in vitro and in vivo. In lipopolysaccharide-induced macrophages and in vivo, GHK-Cu reduced Reactive Oxygen Species (ROS), increased superoxide dismutase (SOD) activity, and decreased TNF-1 and IL-6 production. The authors propose that GHK-Cu prevents activation of NFkB's p65 and p38 MAPK. P38 protein kinases have pro-inflammatory activity, and p65 activation plays an important role in cancer development [37] .
GHK protects cultured skin keratinocytes from lethal ultraviolet radiation damage by quenching reactive carbonyl species such as 4-hydroxynonenal, acrolein, malondialdehyde, and glyoxal. The effect was observed with 20 mg/mL or 0.2% concentrations of GHK, which can be safely used in protective cosmetic formulations such as sunscreens [38] [39] [40] .
GHK prevented oxidation of low-density lipoproteins induced by copper ions and was more effective than superoxide dismutase (SOD1), which blocked only 20% of oxidation [41] . Also, GHK-Cu produced an 87% inhibition of iron release from ferritin, presumably by blocking iron's exit channels from the protein. Free iron ions trigger lipid oxidation, so by blocking iron release from ferritin, GHK would prevent lipid oxidation [42] .
GHK protected liver cells from damage caused by dichloromethane poisoning by blocking formation of dichloromethane free radicals. For five days before administering dichloromethane, rats were injected intraperitoneally with 1.5 mg/kg of GHK. Compared to the control, hepatocytes of GHK-injected rats retained their functional activity [43] .
Also, intraperitoneal injections of a peptide mixture including GHK (0.5 µg/kg), dalargin (1.2 µg/kg), and thymogen (0.5 µg/kg) for 10 days in rats led to increased catalase activity and a decrease of malonic dialdehyde, which is a marker for lipid oxidation [44] .
GHK-Cu was also found to elevate the level of antioxidant enzymes in the dermal wounds in rabbits and increase expression of antioxidant enzymes in diabetic wounds in rats, resulting in a higher level of antioxidants such as glutathione and ascorbic acid [45] [46] [47] .
In addition, in Table 6 we summarized effects of GHK on antioxidant genes. 
Anti-Cancer Copper-Peptides from Enzymatic Degradation of Proteins
Over the years, we developed the use of copper peptides from digestion of soy proteins. Such types of peptides were used for years for intraparenteral intravenous feeding of patients and are considered very safe. Such peptides, when chelated to copper 2+, improved both skin quality and healed wounds.
In 2012, we filed a patent on using these non-toxic and natural copper peptides as anti-cancer actives, which has since been issued. Now, as more and more experimental and gene profiling data support such use of copper peptides, the time has come for conducting actual clinical studies [50] .
Conclusions
Small copper peptides, which have a long history of being used in skin care products and an excellent safety record, as well as possess well-documented wound healing, tissue repair and remodeling, anti-inflammatory, anti-antioxidant, and DNA repair properties, are now attracting attention as potent gene modulators, which can reverse expression of multiple genes involved in biochemical pathways associated with cancer growth and progression. Such peptides are inexpensive, can be easily incorporated in liposomes and other vehicles and applied as skin creams, serums, patches, etc. Copper-peptides can be also taken orally as a dietary supplement in liposomal form [51] .
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